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Abstract
Devices for continuous glucose monitoring (CGM) are currently a major focus of research in the area of 
diabetes management. It is envisioned that such devices will have the ability to alert a diabetes patient (or the 
parent or medical care giver of a diabetes patient) of impending hypoglycemic/hyperglycemic events and 
thereby enable the patient to avoid extreme hypoglycemic/hyperglycemic excursions as well as minimize 
deviations outside the normal glucose range, thus preventing both life-threatening events and the debilitating 
complications associated with diabetes. It is anticipated that CGM devices will utilize constant feedback of 
analytical information from a glucose sensor to activate an insulin delivery pump, thereby ultimately realizing 
the concept of an artificial pancreas. Depending on whether the CGM device penetrates/breaks the skin  
and/or the sample is measured extracorporeally, these devices can be categorized as totally invasive, minimally 
invasive, and noninvasive. In addition, CGM devices are further classified according to the transduction 
mechanisms used for glucose sensing (i.e., electrochemical, optical, and piezoelectric). However, at present, most of 
these technologies are plagued by a variety of issues that affect their accuracy and long-term performance.  
This article presents a critical comparison of existing CGM technologies, highlighting critical issues of device  
accuracy, foreign body response, calibration, and miniaturization. An outlook on future developments with an 
emphasis on long-term reliability and performance is also presented.
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ORIGINAL ARTICLES

Introduction
Diabetes Mellitus: A Cause of Concern

Diabetes mellitus is a metabolic disorder in which 
the blood glucose levels fluctuate outside the normal 
range as a result of underproduction or underutilization of 

the hormone insulin.1 Diabetes is classified into two types, 
namely, type 1 diabetes mellitus (T1DM), which results 
from underproduction of insulin as result of loss of  
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insulin-producing beta cells in the pancreas, and type 2 
diabetes (T2DM), which is due to underutilization of 
insulin produced in the pancreas.1 There are currently 
about 230 million diabetes patients around the world, 
out of which approximately 90% have T2DM.2 
Complications arising from diabetes can be both acute 
and long term and include hypoglycemia, ketoacidosis, 
coma, renal failure, amputations, neuropathy, and  
retinal damage.1,3

Continuous Monitoring of Glucose
As suggested by the Diabetes Control and Complications 
Trial report, complications arising from diabetes can be 
reduced and even prevented via careful management 
that includes regular checking of glucose levels.4 It is 
recommended that a T1DM patient should check his/
her glucose levels at least four times per day, while a 
T2DM patient should check his/her glucose levels at least 
two times per day.5 For this, at present, most diabetes 
patients rely on glucose strips along with hand-held  
glucose meters that record glucose levels in blood drawn 
via finger pricking [self-monitoring of blood glucose 
(SMBG)].6 However, the pain associated with finger 
pricking together with the inability of test strips to 
reflect the overall trend in the glucose level of individual 
patients, i.e., the direction (whether the glucose levels 
are increasing or decreasing at any point in time) and 
the pattern associated with the patients’ daily habits, 
renders user-independent continuous glucose monitoring  
(CGM) a highly desirable proposition. Use of CGM devices 
will enable the identification of glucose trends, thereby 
assisting physicians in optimizing treatment plans and 
facilitating appropriate clinical decisions in cases of 
emergency. In addition, theoretical modeling has predicted 
that an additional 5 years of life, 8 years of sight, 6 years 
free from kidney disease, and 6 years free from 
amputations can be gained by a diabetes patient who 
follows tight CGM glucose control versus the standard 
SMBG.7 Imagine the improvement that could be made 
with a CGM linked to an insulin delivery pump 
and fully realizing the concept of artificial pancreas!  
With considerable research efforts, it could also be 
possible to eventually achieve glucose control that mirrors 
that of a normally functioning body. The potential 
beneficial effects of CGM has spurred a vast amount of 
research and developmental activities.8

Scope of This Review
This review surveys the current status of devices for 
continuous monitoring of glucose with an emphasis on 

the various technologies that are under investigation. 
After a brief overview of the invasiveness of CGM devices 
and the core sensing technologies employed, factors 
that are likely to dictate their success in terms of 
patient benefit and patient compliance (such as accuracy, 
reliability, lifetime, and comfort) are discussed. While 
most of the concepts, benefits, and drawbacks are specific 
for particular CGM devices and technologies, there is  
applicability to other CGM approaches employing similar  
principles. Particular emphasis is placed on technologies  
that have been tested in vivo. Last but not least, this 
article concludes with an overview of future opportunities 
and developments required for the widespread use of 
CGM devices. Here, the reader is advised that this 
article focuses only on home CGM approaches and does 
not explicitly discuss the class of blood-based continuous 
glucose systems being developed for inpatient use.

Current Sensor Technologies

A CGM device typically consists of (i) a glucose sensor that 
continuously measures physiological (blood or interstitial 
fluid [ISF]) glucose levels, (ii) an electronic processing 
unit that is in communication (wired or wireless) with 
the glucose sensor, and (iii) a data display unit. These data 
may then be used to determine whether the patient 
requires insulin. In futuristic closed-loop CGM systems,  
in addition to the aforementioned components, an insulin 
delivery unit and possibly a glucagon delivery unit will 
be incorporated. Through a patient-specific algorithm, 
the correct dosing of insulin or glucagon will be  
provided to the patient via feedback from the electronic 
processing units.

Placement of the glucose sensor (whether it penetrates 
the skin or not) and its communication with the electronic 
processing unit defines the invasiveness of a CGM device. 
On this basis, CGM devices can be classified into three 
categories: (1) invasive (totally implantable) sensors,  
(2) minimally invasive sensors, and (3) noninvasive sensors 
(Figure 1A). Placement of the glucose sensor, in turn, 
is dictated by the principle of its transduction mechanism,  
and various glucose sensing mechanisms have been 
reported (Figure 1B). In this section, a brief explanation 
of various sensing technologies is presented followed 
by an overview of the invasiveness of the CGM devices.  
The reader is advised that this section focuses only on the 
principle of operation. The advantages and disadvantages 
of each of these approaches are listed in tables and are 
analytically discussed later in this article.
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Glucose Detection Methodologies
Glucose Detection Based on Electrochemical Approaches
Glucose detection using electrochemical-based methods 
can be broadly categorized under enzymatic and non-
enzymatic approaches.

Figure 2 illustrates various enzymatic (Figures 2A–C) 
and non-enzymatic (Figure 2D) approaches for D-glucose 
(dextrose monohydrate) detection. Typically, the glucose- 
specific enzyme [glucose oxidase (GOx)] catalyzes the 

oxidation of glucose to gluconolactone. In this process, 
the enzyme (i.e., the enzyme’s redox cofactor, flavin 
adenine mononucleotide) is converted to its reduced form 
(flavin adenine dinucleotide) as shown in reaction 1 of 
Figure 2. The process by which the reduced form of the 
enzyme is converted back to its oxidized form defines 
the “generation” of biosensors.

1. In first-generation biosensors, the reduced form of 
the enzyme is converted back to the oxidized form 

Figure 1. Classification of various CGM technologies according to their (a) invasiveness and (b) transduction mechanism of the sensor. 
Code definitions in Figure 1A correspond to the respective transduction mechanisms shown in Figure 1B. The asterisk in Figure 1a displays code 
definitions corresponding to the detection technologies shown in Figure 1B. For example, code E-1-a corresponds to electrochemical (E) detection 
based on enzymatic (1) reaction that is oxygen mediated (a).
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oxidation of the reduced mediator (reaction 6 of 
Figure 2B).11–16

3. In third-generation biosensors, the redox cofactor 
of the enzyme is covalently or electrochemically 
linked to the working electrode, thereby facilitating 
the re-reduction (or reoxidation) of enzymes to be 
carried out by direct electron transfer from (or to) the 
working electrode, and the obtained amperometric 
signal can be correlated to glucose concentration. 
(Reaction 7 of Figure 2C).17,18

Apart from oxidase-based enzymes, glucose dehydro-
genases19–24 and quinoprotein-based glucose dehydro-
genases21,25–28 have been utilized for enzymatic glucose 

by ambient oxygen. This leads to the production 
of H2O2 as shown in reaction 2 of Figure 2A.9,10 
The glucose concentration can be correlated to 
the amperometric signal obtained either via the 
electrochemical oxidation of the produced H2O2 
(reaction 3 of Figure 2A) or via the electrochemical 
reduction of O2 (reaction 4 of Figure 2A) at the 
working electrode.

2. In second-generation biosensors, the oxidation of 
the reduced form of the enzyme is carried out by  
redox mediators (reaction 5 of Figure 2B), which 
compete with the natural cosubstrate oxygen. 
The glucose concentration can be correlated to the 
amperometric signal obtained via the electrochemical 

Figure 2. Various modes of electrochemical detection of glucose: (A) first-generation biosensors based on the use of natural oxygen cofactor, 
(B) second-generation biosensors based on artificial redox mediators, (C) third-generation biosensors based on direct electron transfer between 
GOx and the electrode, and (D) direct electro-oxidation of glucose.
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sensing. These dehydrogenases utilize biological redox 
mediators like nicotinamide adenine dinucleotide (NAD+) 
and quinones for the oxidation of the reduced form of 
the enzyme.

Nonenzymatic glucose detection involves the direct electro-
oxidation of glucose to gluconic acid at nanostructured 
electrodes [such as platinum nanoforests,29 platinum–lead
alloy nanowires,30 gold nanoparticles,31 alloy nano-
structures (containing platinum, lead, gold, palladium, 
and rhodium)]32 that possess high surface area and 
electrocatalytic activity (reaction 8 of Figure 2D).

Glucose Detection Based on Optical Approaches
Glucose detection based on optical approaches can be 
broadly classified as (1) fluorophore-based and (2) direct 
(nonfluorophore)-based techniques.

The fluorophore-based approaches utilize an affinity sensor  
principle wherein glucose and a fluorophore bind 
competitively with a receptor that is site specific to both  
ligands.33,34 For example, concanavalin A (ConA) can be 
used as the receptor molecule as it has four glucose- 

binding sites and its competitive binding can be assessed 
against other binders such as fluorescein-labeled dextran, 
α-methyl mannoside, and glycated protein.35,36 Various 
spectroscopic techniques have been utilized to measure 
glucose concentration. Some of these are listed here:

1. The binding of fluorescein-labeled dextran to ConA 
results in charge transfer and subsequent quenching 
in the fluorescence intensity of fluorescein-labeled 
dextran. Glucose preferentially binds to ConA 
compared to fluorescein-labeled dextran, thereby 
the presence of glucose causes an increase in the 
amount of free (unbound) fluorescein-labeled dextran. 
This results in an increase in the intensity of 
the fluorescence emission (Figure 3A). Thus the 
intensity of the fluorescence emission from the binder 
molecule (fluorescein-labeled dextran) is used as a 
measure of glucose concentration. The higher the 
glucose concentration, the higher the fluorescence 
intensity of fluorescein-labeled dextran.37

2. Fluorescence emission that occurs as a result of the 
Förster resonance energy transfer (FRET) between 

Figure 3. Optical detection of glucose based on (A) fluorescence intensity decrease as a result of affinity binding and (B) decrease in FRET-induced 
fluorescence intensity.
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the allophycocyanin labeled ConA (donor) and 
fluorescein labeled dextran (acceptor) when they 
are within atomic distances (Förster radius) of 
each other.34,35 Any glucose molecule present binds 
to ConA, thereby increasing the distance between 
the two (greater than the Förster radius), leading 
to a decrease in FRET-induced fluorescence 
emission (Figure 3B). Thus glucose concentration 
can be evaluated by monitoring changes in the 
FRET-induced fluorescence emission intensity of 
fluorescein-labeled dextran.38–41

3. The occurrence of FRET between the donor and 
acceptor molecules is also accompanied by a decrease 
in the lifetime of the donor. Based on this and 
the fact that the presence of glucose decreases the 
possibility of FRET (Figure 3B), an increase in the 
lifetime of the donor can be seen with increasing 
glucose concentration.34 Thus glucose concentration 
can be evaluated by monitoring changes in the 
lifetime of the donor molecule that is in close 
proximity to a acceptor molecule.42

4. Fluorescence intensity of human tissue, using 
glucose itself as the fluorophore. When human 
tissue is excited with light at 308 nm wavelength, 
the glucose molecules become excited and the 
fluorescence emission can be detected at either  
340, 380, or 400 nm.43 Thus glucose concentrations 
can be evaluated by direct tissue excitation at 
308 nm and monitoring the emission intensity at 
380 nm, the wavelength at which glucose has the 
strongest emission.

5. Ocular spectroscopy utilizes synthetic boronic 
acid derivatives (loaded within a polymer matrix) 
that specifically, yet reversibly, bind to glucose.  
In addition, these molecules are coupled to fluorescent 
moieties that allow their spectroscopic analysis.  
The boronic acid group, which is in its sp2 hybridized 
trigonal form, turns into a more electron-rich sp3 
hybridized, tetrahedral geometry upon interaction 
with glucose, thereby leading to changes in the 
spectra of the fluorescent moiety.44,45

Nonfluorophore-based optical detection of glucose utilizes 
light of variable frequencies to investigate changes in 
the absorbance, reflection, or refraction (scattering) of 
tissue containing various concentrations of glucose.33,34 
In particular, light with wavelengths in the near-infrared  
(NIR) range have been found to pass through the human 
stratum corneum with minimal tissue absorption. 

Moreover, the fact that the absorption of water creates 
a window in the NIR (0.8–1.4 µm) region, where tissue 
components do not absorb, allows light to pass deep into 
the epidermis and subcutaneous (SC) space, independent 
of skin pigmentation. This renders NIR light as a 
possible means to investigate glucose-induced changes 
in the optical properties of the SC tissue. For example, 
variations in glucose concentration alter the dielectric 
strength, polarizability, and permittivity of the SC tissue, 
thereby registering changes in the absorbance, reflection, 
and refraction of NIR radiation, respectively. Based on  
these changes, a number of optical techniques that involve 
no fluorophores are listed here:

1. Optical coherence tomography and chromoscopy 
quantify glucose via assessment of the intensity of 
the reflected/scattered and transmitted light upon 
interaction with the SC tissue glucose concentration.46,47

2. Polarimetric technique utilizes the ability of glucose 
to rotate linearly polarized light to subsequently 
quantify glucose concentration, based in the degree  
of optical rotation.48,49

3. Thermal infrared spectroscopy utilizes changes in 
the refractive index of the tissue upon illumination 
with a time-modulated light that creates change in  
the temperature of the local tissue. Such local heat 
changes create microcirculation that induces change 
in the refractive index of the tissue. These refractive 
index changes are dependent on the amount of 
glucose present in the SC tissue.50

4. Photoacoustic spectroscopy that is based on the 
principle of adsorption of light by tissue-localized 
heating and subsequent generation of ultrasonic 
waves as a result of volumetric expansion. For 
glucose detection using photoacoustic spectroscopy, 
the tissue is illuminated with NIR wavelength light 
and the velocity of the generated ultrasonic wave 
is recorded. Since the velocity of the generated 
ultrasonic wave is dependent on the specific heat of 
the irradiated tissue (which, in turn, is dependent 
on the glucose concentration), a quantitative assess-
ment of glucose concentration can be made.51,52

5. Raman spectroscopy that is based on inelastic 
scattering of photons. When monochromatic light 
interacts with glucose, owing to the Raman effect, 
there will be a shift in the energy of the photons 
proportional to the vibrational or rotational energy 
of glucose.53,54 Since the Raman spectrum is 
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characteristic of a specific intramolecular motion 
(vibrational or rotational) of the molecular bonds 
of glucose, it can provide selective information 
about the concentration of glucose. For example,  
Raman spectroscopy can be utilized to differentiate 
between galactose and glucose, two epimers with 
the same chemical composition but structurally 
different in the position of one atom.

6. Photonic crystal-based glucose sensors work on the 
principle of shift in the wavelength of diffracted 
light from a hydrogel-based crystalline colloidal 
array. The sensor consists of a polyacrylamide-
polyethylene glycol polymer network with an 
embedded crystalline colloidal array and a 
recognition element (such as a boronic acid derivative) 
that specifically binds to glucose. Interaction of 
glucose with the recognition element results in 
the formation of cross links (such as bis-bidentate) 
that shrinks the hydrogel volume. This volume 
shrinkage causes a blue shift in the diffraction from 
the crystalline colloidal array that is proportional 
to the bound glucose. Such color changes can be 
perceived visually (without instrumentation) across 
the visible spectral region, from red to blue over 
physiologically relevant glucose concentrations.55 
Because this scheme involves chemically-induced 
swelling (i.e., corresponding to mechanical deforma-
tion) to the optical properties of the photonic crystal, 
this technology can also be considered as chemo-
mechano-optical transduction.

Other Approaches
Apart from electrochemical and optical approaches, 
glucose detection based on electric or electromagnetic 
transduction has also been reported. Some of these 
include the following:

1. Impedance spectroscopy. An increase in the local 
glucose concentration results in a decrease in the 
sodium levels and an increase in the potassium 
levels of the plasma, changing the dielectric strength, 
permittivity, and conductivity of the plasma.56 
This forms the principle of glucose detection using 
impedance spectroscopy, which utilizes the transport 
of alternating current through the tissue to measure 
changes in plasma conductivity and subsequently 
relates this to glucose concentrations.57–61

2. Electromagnetic spectroscopy utilizes changes in the 
electromagnetic coupling between two inductors to 
measure glucose concentration. Because electro-

magnetic coupling is dependent on the permittivity 
of the media, which, in turn, is dependent on the 
local glucose concentration, quantitative assessment 
of glucose levels can be achieved.62,63

Continuous Glucose Monitoring Devices:  
Their Location and Degree of Invasiveness
Invasive Devices
Invasive devices constitute sensors that are completely 
implanted (either subcutaneously or intravenously) and  
interface with an external controller via wireless 
communication. Upon implantation, the sensor continuously 
measures glucose levels and feeds this information back 
to an external controller for display and various other 
actions. While most of implantable sensors are based on 
enzymatic oxidation of glucose and subsequent assay 
(electrochemical or optical) of the enzymatic products, 
communication to the external controller is achieved 
either via radio frequency or optical signaling.17,64

In a different approach of invasive sensors, microdialysis 
technology utilizes a catheter housing a dialysis membrane 
inserted within the SC tissue to continuously pass 
glucose-free isotonic fluid across the skin. Upon passage 
through the skin, the isotonic fluid picks up glucose that 
is assayed externally using optical or electrochemical 
techniques.65–67 Along these lines, catheter-shaped sensors 
have also been introduced, wherein the sensing element 
(mostly electrochemical based) is located at the tip 
of the catheter, while the transmitter is located at its  
other end. The user inserts the catheter within the skin 
in such a way that the sensing element resides within  
the skin, while the transmitter resides outside the skin, 
and as such, these devices can be categorized as invasive, 
transcutaneous CGM devices.68,69 Similarly, a disposable, 
invasive optical fiber has also been introduced70 that 
is capable of percutaneous glucose monitoring via 
spectroscopic measurement.

Minimally Invasive Devices
In an attempt to avoid the continuous presence of 
a foreign object (sensor) in the body (as in the case 
of invasive devices), minimally invasive devices are 
being developed that measure glucose concentrations 
from fluid (ISF or blood) obtained from the skin tissue.  
In these devices, both the glucose sensor and the 
controller are located outside the body and are connected 
to a fluid-drawing device that is externally located.  
The feedback loop to the hypoglycemic/hyperglycemic 
alarms and the insulin pump is similar to invasive 
devices and hence can be essentially considered the 

“wired” version of the “wireless” invasive devices.  
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Various methods to draw ISFs include the following:

1. Iontophoresis employs a low electrical current 
applied across the skin by two electrodes that are 
located adjacent to one another. This current causes 
charged species (and, by induction and other inter-
molecular forces, uncharged species) to move across 
the dermis through the skin pores. Through this 
action, a minute amount of ISF is withdrawn that 
contacts an externally located sensor to determine 
glucose levels. Typically, the glucose concentration  
in the collected fluid is sensed using a GOx-coated 
platinum working electrode (E-1-a in Figure 1B).71,72

2. Sonophoresis uses low-frequency ultrasound to 
increase skin permeability by causing expansion 
and contraction of gaseous inclusions within the 
stratum corneum, which facilitates the collection 
of the ISF. Similarly, the extracted ISF is assayed 
externally using an electrochemical or optical 
glucose sensor.73–75

3. Skin blister technique employs a small local vacuum 
on the skin to create a blister at the dermal/epidermal 
layers of the skin, and ISF can be collected from 
this blister and assayed externally.34,76

4. Micropore technology utilizes laser ablation to create 
an array of microscopic holes in the stratum 
corneum of the skin and collects ISF (using a small 
vacuum) to be assayed using an externally located 
glucose sensor.77

5. Microneedle technology is based on silicon micro-
needles of similar size to that of human hair.  
A hand-held electronic meter is loaded with 
disposable sampling devices. Each disposable device 
consists of a microneedle and a micropouch into 
which the blood sample is withdrawn. The micro- 
needle frequently penetrates the skin and draws a 
very small volume of blood into the miniaturized 
pouch, where the blood-glucose concentration is 
measured.8

Since, iontophoresis and sonophoresis do not cause 
significant and permanent skin damage, these techniques 
can essentially be categorized as minimally invasive, 
transcutaneous CGM devices.

Noninvasive Devices
The need to minimize discomfort and the potential risk 
of infection from fluid-withdrawing probes protruding 

through the skin along with avoiding the foreign 
body response that otherwise can compromise analyte 
permeability has spurred the development of noninvasive 
sensors that measure glucose concentrations without 
penetrating the skin. For this, a variety of spectroscopic 
techniques have been employed to assay various body 
fluids/gases including saliva, tears, and breath.78 
Representative noninvasive devices include the following:

1. Transdermal sensors that pass NIR light across the 
stratum corneum to detect glucose concentrations 
as described earlier under optical approaches (O-2-a 
and O-2-b in Figure 1B).33,34,79,80

2. External assays of body-fluids (i.e., saliva, tears, and 
breath) using various optical and electrochemical 
detection methodologies shown in Figure 1B 
(E-1 and O-2 categories).33,34,79,80

Factors That Dictate the Success of a 
Continuous Glucose Monitoring Device
This section gives an overview of various factors that 
need to be taken into consideration for widespread 
adoption of these devices. Each subsection gives an 
overview of the various issues that effect the different 
types of CGMs and the strategies currently being used  
to overcome these. Discussion in this section closely 
follows Tables 1 and 2, which list the merits and 
drawbacks of each technology.

Accuracy
As with any other analytical medical device, accuracy 
forms the most important requirement of a CGM device. 
Accuracy in CGM devices is required not only to 
transition these from stand-alone continuous sensing 
devices to “closed-loop” artificial pancreas, but also to 
increase confidence among patients and physicians.

Standards and Evaluation
As per the International Organization for Standardization 
guidelines (ISO 15197), a glucose sensor is considered 
accurate if its error is within 0.83 mM when measuring 
a hypoglycemic event of less than 4.2 mM glucose. 
Error values of 20% or lower are acceptable when 
testing in the range above 4.2 mM.81,82 Even though 
this standard is exclusive for SMBG, similar standards 
need to be employed for CGM devices to ensure 
adequate accuracy. Here the reader is also referred to 
the POCT05-A document (co-jointly developed by the 
Clinical and Laboratory Standards Institute and the 
Diabetes Technology Society), which summarizes some 
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Table 1.
Comparison of Various Continuous Glucose Monitoring Technologies Categorized According to Their 
Invasiveness.

Modality Merits Drawbacks

In
va

si
ve

SC 1. No open wound
2. No subject-to-subject variability
3. Comfort and ease of adaptability
4. Ease of implantation

1. Calibration inaccuracy due to lack of correlation between ISF 
and blood glucose

2. Foreign body response and biofouling-induced sensor 
degradation

3. Sensor migration and difficulty in extraction

Intravenous 1. No open wound
2. No subject-to-subject variability
3. Comfort and ease of adaptability

1. Foreign body response and biofouling-induced sensor 
degradation in addition to sensor damage due to shearing 
forces of blood flow

2. Sensor migration and difficulty in extraction as well as 
tedious implantation procedures

Microdialysis 1. Sensor is outside the body and 
so no foreign body response and 
biofouling-induced degradation

2. No subject-to-subject variability

1. Open wound with significant tissue inflammation
2. Calibration inaccuracy due to lack of correlation between ISF 

and blood glucose
3. Large response times needed for the ISF fluid to reach the 

sensor
4. Discomfort because of presence of protruding microdialysis 

probes

Transcutaneous 1. No subject-to-subject variability
2. No sensor migration and ease of 

extraction

1. Open wound with significant tissue inflammation
2. Foreign body response and biofouling-induced sensor 

degradation
3. Calibration inaccuracy due to lack of correlation between ISF 

and blood glucose

M
in

im
al

ly
 i

nv
as

iv
e

Micropores
and
microneedles

1. Directly determines blood glucose and 
so no calibration-induced accuracy

1. Generation of multiple wounds is prone to infection, irritation, 
bleeding (important for hemophiliacs) and allows potential for 
allergic reactions

2. Long duration time required to collect sufficient amount of 
sample

Iontophoresis
(considered 
transcutaneous in 
this manuscript)

1. No open wound
2. The amount of fluid drawn is low and 

so no effect of oxygen on the enzymatic 
glucose sensor

3. Skin filters most of the large molecules 
and so less electrode fouling

1. Long warm-up time needed to get glucose readings
2. Calibration inaccuracy due to lack of correlation between ISF 

and blood glucose
3. Cannot be used in conditions of excessive perspiration
4. Application of low currents can cause skin erythema

Sonophoresis
(considered 
transcutaneous in 
this manuscript)

1. No open wound 1. Subject-to-subject variability in the degree of ISF collection
2. Calibration inaccuracy due to lack of correlation between ISF 

and blood glucose

N
o

ni
nv

as
iv

e

Transdermal 1. Pain free
2. Comfort and patient adaptability

1. Inaccuracies as a result of skin pigmentation, body water 
content, and hydration

2. Nonspecificity to glucose
3. Strong effect of temperature on glucose response

Body Fluids 1. Pain free
2. Comfort and patient adaptability

1. Inaccuracies due to lack of correlation between the glucose 
levels of blood and body fluids

2. Nonspecificity to glucose

of the performance metrics and approved guidelines for 
continuous interstitial glucose monitoring.83,84

At present, there is no consensus on the criteria to 
be used for evaluation of CGM device performance.82 
Most of the existing methods include comparing values 
obtained from the CGM device against corresponding 
reference values using linear regression analysis, error 
grid analysis, predicted error sum of squares, and mean 

absolute deviation.34,85,86 In particular, researchers and 
clinicians tend to use the Clarke error grid analysis, 
which expresses the relationship of the difference 
between the CGM-measured glucose concentration and 
that measured using a clinical analyzer (“true” blood 
glucose), as a guide for evaluating sensor accuracy.87,88 
As shown in Figure 4A, a typical Clarke’s grid is a 
plot of the “true” blood glucose value on the x-axis 
and that obtained from the sensor under development 
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Table 2.
Comparison of Various Glucose Sensing Technologies, Grouped According to Their Transduction Mechanism.

Detection Technology Merits Drawbacks

E
le

ct
ro

ch
em

ic
al

E
nz

ym
at

ic

First 
generation

1. Highly specific to glucose
2. High sensor sensitivity

1. Interferences from co-substrate (i.e., oxygen) 
and endogenous species

2. High operating potential required
3. Must use outer membranes, which increase 

sensor response times

Second 
generation

1. Highly specific to glucose and free of changes in 
levels of co-substrate

2. Low overpotential renders the sensor free of 
interferences

1. Mediators used may be toxic
2. Competition between mediators and oxygen 

still exists

Third 
generation

1. Highly specific to glucose and free of changes in 
the level of co-substrate

2. Low overpotential renders the sensor free from 
interferences

1. Toxicity and biocompatibility of required 
nanomaterials is untested

2. The issue of repeatability is still untested

Non-GOx based 1. Does not use oxygen as co-substrate and so no 
interferences from oxygen

1. Shown to oxidize other sugars as well as 
common alcohols

Nonenzymatic 1. No enzymes used and so no question of 
degradation

1. Not specific to glucose
2. Substantial electrode fouling by the products 

of glucose oxidation

O
p

tic
al

Fl
uo

ro
p

ho
re

-b
as

ed

Fluorescence or
FRET intensity

1. Highly specific to glucose because of the use of 
fluorophore with binding specificity to glucose

1. Photobleaching of the fluorophore and 
scattering in tissue

2. Dependent on skin pigmentation, redness, 
epidermal thickness

FRET lifetime 1. Independent of scattering in tissue
2. Independent of fluorophore concentration and so 

no issue of photobleaching or fluorophore loss 
through leaching

1. Miniaturization of photodetectors and time 
resolved spectrometers is not trivial

2. Fool-proof demonstration in animals and 
humans is yet to be demonstrated

Ocular 
spectroscopy

1. Truly noninvasive since it measures glucose 
concentration in tears

2. No handheld instruments
3. Glucose levels can be assessed visually

1. Leaching of boronic acid derivative
2. Effected by pH and ionic strength
3. When used in tears, a lag between the blood 

and tear glucose is observed

N
o

nfl
uo

ro
p

ho
re

 b
as

ed

Optical 
coherence 
tomography

1. Unlike other optical techniques, it is not affected 
by urea, ionic strength, temperature, heart rate, 
and hematocrit

1. Shown to be affected by motion and tissue 
heterogeneity

Polarimetry 1. Can utilize visible light, easily available
2. All the components can be easily miniaturized

1. Effected by scattering in the tissue, pH, and 
temperature

2. Lack of specificity as molecules such as 
albumin and ascorbic acid are known to 
polarize light

Thermal 
infrared 
spectroscopy

1. Same as polarimetry 1. Effected by scattering in the tissue, pH, probe 
position, fever, and temperature

Photoacoustic 
spectroscopy

1. Unlike other optical techniques, it is not affected 
by ionic strength or albumins

1. Effected by scattering in the tissue
2. Miniaturization of instrument is not trivial

Raman 
spectroscopy

1. Unlike NIR, it shows sharper peaks and less 
overlap

2. No interference from luminescence and 
fluorescence

1. Longer stabilization times
2. Effected by tissue density, thickness, 

hematocrit

C
o

m
b

in
at

o
ri

al

Impedance 
spectroscopy

1. Can measure glucose levels in the vascular 
compartment, so no lag time in sensor response

1. Temperature and disease state of the body 
may affect measurements

2. Changes in blood dielectric properties are not 
specific to glucose

Electromagnetic 
spectroscopy

1. Same as impedance spectroscopy 1. Body temperature, sweating, and motion affect 
glucose measurements
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on the y-axis. A perfect correlation between the two 
yields a graph where all the points fall on a 45° line 
passing through the origin. If this is not the case, the 
data must be interpreted very carefully. For example, 
a measurement that falls in zone A correctly reflects the 
actual glucose concentration, whereas one that falls in 
zone E reflects a significant error. A clinical decision 
based on a measurement that falls in zone E, could 
have a potentially harmful outcome. Zone B indicates 
benign glucose levels, zone C represents overcorrected  
values, and zone D represents failure to detect glucose 
levels.87,88 To quantify the occurrence of data points in 
zones A and B, two parameters are often used: (i) r value 
of the correlation between the“true” blood glucose value 
and the response of the sensor under development and 
(ii) percentage of experimental data points that fall in 
zones A and B. Table 3 lists the best accuracies of the 
various CGM technologies reported so far.

A major disadvantage with Clarke’s grid is that the zone 
boundaries are not connected sequentially, which means 
that a small change in glucose concentration reported 
by a sensor can move a result from the correct value 
zone A to the critical zone D, or vice versa. With this in  
mind, Parkes’ grid was developed (Figures 4b and 4c), 
wherein boundaries of the zones are sequential, which 
prevents the possibility of a glucose level falling in the 
wrong zone by virtue of a small measurement error.99 
Moreover, unlike the Clarke’s grid, Parkes’ grid is separate 
for T1DM and T2DM, allowing increased accuracy and 
better treatment. However, Parkes’ grid is patient specific 
and is not universal to all CGMs. While the merits 
and drawbacks of each of these grids are continuously 
being evaluated and updated, it is worth mentioning that 
the percentage of data points in zone A deduced using 

Figure 4. (A) Clarke error grid applicable for both T1DM and T2DM patients, (B) Parkes error grid applicable to T1DM patients, and (C) Parkes 
error grid applicable to T2DM patients.

Table 3.
Best Accuracies of Various Continuous Glucose 
Monitoring Devices Grouped According to Their 
Invasiveness.a

Invasiveness Modality

Accuracy

R value
Points in 

zone A and 
B

Model 
used

Noninvasive

Optical coherence 
tomography

0.9546 n/a Humans

Chromoscopy n/a n/a n/a

Polarimetry >0.9989 n/a Ex vivo

Thermal infrared 
spectroscopy

0.87 100%50 Humans

Photoacoustic 
spectroscopy

n/a n/a

Raman 
spectroscopy

0.8353 n/a Humans

Impedance 
spectroscopy

0.4961 78.4%61 Humans

Electromagnetic 
spectroscopy

n/ab n/a Ex vivo 

Minimally 
invasive

Iontophoresis 0.972,90,91 98.9%72,90,91 Humans

Sonophoresis 0.792 92%92 Humans

Skin Blister 
Technique

n/a n/a Humans

Micropores 0.9473 93%73 Humans

Invasive

SC 0.8593 98.4%94 Humans

Intravenous 0.9395 95.8%95 Humans

Microdialysis 0.996 95.5%96,97 Humans

a This information is available to the general public and to the 
best of the authors’ knowledge. n/a, not available.

b Standard deviation between the actual and recorded glucose 
levels.98
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Clarke’s and Parkes’ grids for the same CGM device do 
not coincide. For example, a given CGM device rated 
98.6% accurate based on Parkes’ grid is shown to be only 
95% accurate based on Clarke’s grid.34 Here it is worth 
mentioning that both Clarke and Parkes error grids have 
been originally developed for static glucose readings.  
In order to provide a more accurate analysis for continuous 
glucose data points (as obtained from a CGM device), 
Clarke’s grid has been modified.86 The modified Clarke 
error grid is based on temporal characteristics of continuous 
CGM devices and the lag time between measuring 
glucose concentrations in blood (for reference values) 
versus ISF (for continuous glucose values).86 Analysis based 
on the updated Clarke’s grid is typically affected by the 
sampling , and an assumption of 7 min constant lag time  
is made (something that may change from user to user).34

Here it should be noted that, irrespective of the type of 
error-grid used, accuracy analysis can be performed 
either retrospectively or prospectively. In the retrospective 
mode, the CGM data are collected over a certain period 
of time and then correlated with values obtained from 
the reference glucose meter. On the other hand, in the 
prospective mode, the CGM data are correlated with the 
reference glucose meter in real time. While retrospective 
analysis substantially improves accuracy by taking  
into account the lag time between the blood and ISF 
glucose event, prospective analysis is more appropriate, 
as it correctly reflects the real-time performance of the 
CGM device.

Sources of Inaccuracy
A CGM device contains various components, all of which 
are potential sources of error. Currently, external glucose  
measuring devices (i.e., finger-prick test strips) are used to 
calibrate CGM devices to ensure accuracy. However, this 
type of calibration may not be ideal, as discussed here.

Calibration
Continuous assessment of glucose concentration using a 
CGM device requires a reliable and reproducible method 
of calibration. The calibration is performed to convert 
the raw data points (e.g., response current or optical 
intensity) to useful glucose readings as well as to deduce 
blood glucose values from the glucose values measured  
in the ISF (particularly relevant to CGM devices that 
sample glucose in the ISF). However, user physiology 
may not permit direct translation of an in vitro calibration 
routine to patient use. Moreover, given that SC glucose 
concentrations exhibit a time lag compared to blood 
glucose concentrations (as a result of diffusional barriers 

between the blood and the SC fluid), it is important 
that this delay is incorporated in the calibration routine. 
In addition, in the case of invasive CGM devices, 
calibration routines should be performed hours after the 
sensor implantation to allow equilibration. The timing 
for the first calibration is variable and is dependent on 
sensor technology, user physiology, and state (rest or 
exercise).100 Moreover, as a result of physiological changes, 
an initial in vivo calibration chart cannot be used 
continuously as a basis for assessing glucose concentration 
throughout the lifetime of the CGM device. Physiological 
changes that can occur include (i) foreign body response 
that continuously changes glucose permeability toward 
the sensing element of the CGM device (particularly 
relevant for invasive devices)101 and (ii) constantly changing
user physiology (exercise, diet, medication, anoxia, or 
hypoxia) that may result in false sensory responses. 
Based on these factors and the fact that calibration routine 
is dependent on the type of the sensing technology 
employed, all current CGM devices (in particular, 
invasive and minimally invasive ones) mandate that 
the patient calibrate his/her CGM device by means of 
conventional test strips at least once per day, and in 
some cases more often.100

Two types of calibration procedures are proposed. 
One-point calibration, which is the most commonly used, 
requires the user to input only one glucose reading 
for calibration and is based on one of the following 
assumptions: (i) the background and interferant’s current 
are known and remain constant, meaning that the intercept 
of the sensor response versus concentration can be taken 
as a second calibration point and (ii) the background and 
interferant’s current is zero or nonsubstantial, meaning that 
the response versus concentration curve passes through  
the origin, which is taken as a second calibration point.102 
Despite considerable innovations and careful analysis,  
one-point calibration could still be affected because of 
constantly changing membrane permeability and degrading 
sensory components, which pose a serious problem for 
all CGM devices irrespective of their invasiveness.102 
The development of a two-point calibration method, 
wherein the user calibrates his/her CGM device using 
two glucose readings, could show some improvement 
over one-point calibration methods, even though the 
timing of these two glucose readings plays a critical role.  
At present, there seems to be no universal guidelines 
on the timing of these glucose readings. In addition, 
as briefly mentioned earlier, a number of aspects can 
influence the validity of these calibrations, such as the 
following:
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1. Glucose inequalities between blood and SC 
tissue glucose in both time and concentration.  
These inequalities are typically complex and vary 
considerably according to the physical state of the 
patient, such as resting, hyperventilation, exercise, 
anoxia, and hypoxia.103,104 For example, this physical 
lag time between the occurrence of the glycemic 
event in the blood and ISF is typically between 
12 and 20 min and can be extended in minimally 
invasive as well as microdialysis-based CGM devices, 
wherein the ISF must be transferred from the SC 
tissue to the externally located sensor.104–106

2. The internal sensor response lag time (typically in 
the order of seconds to a few minutes) can add 
to the physical lag time between the blood and  
ISF glucose to further complicate calibration. This is
particularly important for invasive sensors whose
internal response lag might vary because of 
in vivo-induced biofouling and/or scar-tissue 
encapsulation that can retard glucose permeability  
to the sensing elements.102,107,108

3. The glucose strips (typically used for external 
calibration) can provide their own source of error 
due to the inherent (approximately 5%) inaccuracies  
as well as variability as a result of changes in 
climate or storage life.109

Keeping these issues in mind, various researchers are 
attempting to correlate blood glucose levels with ISF 
glucose levels under various physiological states, such 
as diet, exercise, and medication, to investigate if there 
is a universal relationship between the two. While the 
chances of obtaining a linear relationship are remote, 
more complex calibration functions involving the “rate of 
changes in glucose levels” as opposed to “individual 
points” could potentially address this problem. Moreover, 
inclusion of a secondary glucose monitoring device that 
periodically checks the primary glucose sensor could 
alleviate some of the aforementioned issues. A few reports 
describing the advantages of this multiple sensory approach 
and the high accuracy afforded have emerged.110–112

Selectivity of Sensor:
Selectivity of a CGM device corresponds to its ability to 
respond only to changes in glucose within the pool of 
metabolites present in the body. However, there are many 
molecules with electrochemical and/or optical signature 
similar to D-glucose (the biologically active form), 
which renders selectivity of a sensor a major obstacle to  
CGM devices.

In the case of CGM devices employing enzymatic 
oxidation of glucose (both in optical and electrochemical), 
sensor selectivity hinges on the particular enzyme 
employed. Oxidases, the most commonly used enzymes 
for glucose sensing, render high selectivity to glucose. 
However, this selectivity is often negated by the need for 
high oxygen concentrations as a co-substrate to produce 
H2O2 in a linear fashion.113 In order to decrease oxygen 
dependence of these biosensors, outer membranes that 
significantly decrease the analyte flux while keeping the 
oxygen flux (due to its smaller size) more or less altered 
are typically utilized.114 This approach is in accordance 
with the need to equip implantable devices with outer 
membranes that are also necessary to prevent unwanted 
in vivo biofouling and foreign body response, which is 
discussed in detail later in this review.

In the case of oxidase-based electrochemical sensors  
(E-1-a configuration shown in Figure 1B), the high potential 
required for sensor operation renders them susceptible 
to interferences from other endogenous species in the 
body (such as ascorbic acid, uric acid, dopamine, and 
nitric oxide). Interferences from endogenous species have 
been minimized through the use of perm-selective 
membranes (i.e., Nafion, polyester sulfonic acid, and  
cellulose acetate) on top of the working electrode. However, 
the use of these perm-selective membranes reduces 
sensor sensitivity and increases response time. In addition, 
these membranes may degrade upon implantation as a  
result of biofouling or calcification, and if due attention 
is not exerted, the CGM device may record large 
deviations from actual physiological glucose response.  
A logical approach is to use a blank secondary working 
electrode along with the primary working electrode 
for detection of background current. This background 
current is subsequently subtracted from the response 
of the primary working electrode.115–117 An alternate 
approach is to apply two different potentials on the 
same working electrode, one of which corresponds to 
background current.118

Sensor selectivity may not be a critical issue in second  
generation electrochemical biosensors (E-1-b configuration 
shown in Figure 1B), which use redox mediators. 
These sensors do not require high potential because  
the redox mediators, which replace H2O2, operate at low 
potential (i.e., 0.2–0.3 V versus silver/silver chloride 
reference electrode, reaction 6 in Figure 2B). Redox 
mediators based on osmium and ferrocene complexes,119 
carbon nanotubes,120 conducting polymers,14,121 as well as 
combinations thereof16 have been reported. However, 
it should be noted that only the osmium complexes  
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are used in the current Food and Drug Administration- 
approved CGM device. Similarly, third-generation electro- 
chemical glucose sensors (E-1-c configuration shown in 
Figure 1B) that utilize nanomaterials are highly selective 
even though the biocompatibility of these nanostructured 
materials needs to be considered.

Biosensors utilizing dehydrogenases and quinoprotein- 
based dehydrogenases (E-1-d configuration shown in 
Figure 1B) are not susceptible to interferences from 
oxygen and other endogenous species. However, their 
specificity toward other redox mediators is not clearly 
addressed. Interference from other sugars (i.e., lactose, 
galactose, maltose, cellobiose, and xylose) and common 
alcohols has been reported.122,123 Biosensors utilizing 
direct electro-oxidation of glucose (E-2-a configuration 
shown in Figure 1B) also lack specificity and are 
susceptible to interferences from other sugars.

Sensor selectivity is a more critical issue in optical 
methods of glucose detection (O-2-a to O-2-i configurations 
shown in Figure 1B) because of the vast number of 
metabolites present that have a similar optical signature 
to glucose. Moreover, optical interferences arising from 
instrumental or physiological variations are significantly 
higher than the magnitude of the change in optical 
signal as a result of changes in glucose concentration.124 
This inherently renders their selectivity a major issue. 
Some of the sources of low sensor selectivity in CGM 
devices employing optical-based glucose detection (O-2-a 
to O-2-i configurations shown in Figure 1B) arise from 
the following:

1. Similarity of the NIR spectrum of glucose to that 
of other sugars, especially fructose, which often is 
prescribed to diabetes patients as an alternative  
to glucose.124

2. Overlap of the NIR overtone of glucose with several 
other overtones (e.g., water, fat, or hemoglobin). 
These overtones significantly complicate glucose 
detection via absorption, reflectance, and scattering 
methods, rendering it, at best, nonspecific.124

3. Sensitivity of the intensity of the tissue water 
absorption band to the solute concentration  
(i.e., glucose and other metabolites) and temperature. 
Typically, as solute concentration increases, water 
absorption decreases. This effect, often referred 
to as “water displacement,” is not analyte specific 
and can be a potential source of nonspecificity in 
absorption-based glucose detection. Changes in the 

optical signal could be a result of changes arising 
from other metabolites rather than glucose.124

4. The refractive index and extinction coefficient of the 
tissue are also affected by the water displacement 
effect. As a result of this, glucose detection based 
on glucose-induced changes in tissue refractive 
index may not be specific. For example, it was 
shown that changes in the sensor optical signal 
could be a result of changes in other metabolites 
such as creatine or albumin.33,34

5. Extreme susceptibility of NIR spectra to various 
physiological factors such as pigmentation, hydration, 
blood flow, temperature, pH, as well as physical 
parameters (i.e., probe placement and orientation).124

Some of these problems can be solved by developing more 
sensitive and stable instrumentation. Raman spectroscopy 
is being investigated as an alternative to absorption-based 
detection methods. This method is highly specific to 
glucose since detection is based on changes in fundamental 
molecular vibrations. Optical detection methods based 
on fluorescent molecules attached to glucose-specific 
recognizer moieties (i.e., enzymes and binder; O-1-a 
to O-1-d configurations shown in Figure 1B) are also 
highly specific to glucose. However, as mentioned earlier, 
these are susceptible to changes in oxygen concentration. 
In addition, interference as a result of enzyme denaturation 
and photobleaching of fluorophores affects the long-term 
performance of these sensors.35,125

Operational Lifetime of a Continuous Glucose 
Monitoring Device
The prospect of home-based CGM devices can be achieved 
only if they are affordable and acceptable to patients; 
this hinges on increasing their lifetime in a cost-effective 
manner. This is particularly true for minimally invasive  
and invasive sensors, where the patient is unlikely to 
tolerate frequent implantation/extraction procedures due  
to pain, inconvenience, and high costs.

Table 4 lists the best reported lifetime of various invasive 
CGM devices. In general, failure modes originate from 
enzyme degradation, electrode degradation, biofouling, 
membrane delamination, battery discharge, component 
failure of telemetry packs,126,127 and electronic package 
failures.128 Advances in the semiconductor industry have 
made a significant contribution to addressing electronics- 
related failures. Despite considerable research efforts, 
sensor in vivo stability (biofouling, foreign body response, 
enzyme, and fluorophore degradation) still constitutes a 
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major problem. The following subsections are structured 
to provide an overview of the in vivo failure modes of 
minimally invasive and invasive CGM devices.

Inflammation, Foreign Body Response, and Biofouling
Biofouling inhibits analyte transport to the sensing 
element. The foreign body response can cause fluctuations 
in glucose readings due to edema and the influx of 
scavenger cells (acute inflammatory phase) and can 
deprive the sensor of adequate levels of analyte (glucose 
and co-factors such as O2 and NAD+) due to fibrotic 
encapsulation (chronic inflammatory phase).18,129–133

The inflammatory processes that occur in the local tissue 
following implantation can be categorized into three  
phases: (1) acute inflammatory phase, which sets in 
immediately following implantation and invokes migration 
of inflammatory cells and plasma proteins toward the 
implant; (2) intermediate phase, which involves adsorption 
of phagocytes onto the surface of the implant in an 
attempt to destroy it, the release of oxygen species and 
secretion of proteolytic enzymes intended to degrade 
the foreign body, as well as deposition of fibrinogen in 
the wound area and neovascularization; and (3) chronic 
inflammatory phase, consisting of the formation of 
multinucleate giant cells and the deposition of fibrinogen, 
resulting in the formation of a fibrotic capsule around 
the implant (i.e., scarring), lasting from days to years.101,134

Initial approaches to overcome the foreign body reaction 
have included the use of biocompatible materials to coat 
the sensor. Typical biocompatible coatings are based on 
materials that are resistant to immunogenicity, such as 
Nafion,135–138 hyaluronic acid,139 and humic acids.107,140 
However, even the use of biocompatible materials that 
have no toxic effects on the surrounding tissue are 
found to evoke a host of immune responses associated 
with the action of implantation.101 Based on this and the 
fact that the foreign body response is largely dictated 
by implant specifics (such as shape, size, chemical and 
physical properties, and extent of injury134,141), researchers 
have started to develop advanced sensor coatings.  
These can be classified as (i) biofouling-resistant coatings 
and (ii) drug-releasing biocompatible coatings that actively 
combat tissue inflammation. The primary purpose of 
both these approaches is to promote integration of the 
sensor with the surrounding tissue. The biofouling 
resistant coatings reduce protein adsorption via creation 
of a hydrophilic interface between the sensor surface 
and the tissue fluids. The drug-releasing biocompatible 
coatings minimize inflammation caused by tissue injury 
and implantation-induced hemorrhage, along with 

suppressing ischemia by enhancing vascularity so that 
a constant flux of analytes is maintained over long periods  
of time.142,143

Biofouling-resistant coatings reported include hydrophilic 
polymers such as phosphorylcholine,144 2-methacryloyloxy-
ethyl phosphorylcholine,145 polyurethanes with phospho-
lipid polar groups,146 and water-rich hydrogels.147 These are 
solely intended to reduce protein adsorption on sensor 
surfaces and thereby mitigate the foreign body reaction. 
On the other hand, reduction in local tissue inflammation  
and enhancement in vascularity have been achieved 
through drug delivery approaches that utilize biocompatible 
sensor coatings capable of delivering tissue response 
modifiers (TRMs) at the implant site. For example, anti- 
inflammatory drugs (dexamethasone142,148,149), neovasculari-
zation-inducing growth factors (vascular endothelial 
growth factor and platelet-derived growth factor143,150), 
vasodilators (nitric oxide151–153), and anti-coagulants 
(heparin154) have been incorporated into sensor coatings. 
However, while these TRMs are able to inhibit the 
foreign body response, their beneficial action can only 
be maintained so long as their release is sustained.142 
Although this is a promising approach, a question remains 
on whether there are any systemic effects from the local 
delivery of TRMs. However, because the dosage of the 
TRMs is both minimal and highly localized, systemic 
effects are likely to be negligible. In addition, it has 
been shown in animal studies that TRM blood levels 
associated with this local therapy are minimal.155

Nanotextured surfaces have been shown to enhance 
vascularity around implants.156–159 These nanostructured 
surfaces include nanoporous titania,160,161 nanoporous 
silicon,162–165 and nanoporous carbon.166 These nanomaterial-
based surfaces possess high aspect ratio features that 
are believed to alter cell phenotype, proliferation, and 
differentiation.162,167 However, the applicability of these 

Table 4.
Best Reported Lifetimes of Invasive Continuous 
Glucose Monitoring Devices Grouped According to 
Their Modality.

Modality of invasive 
sensors

Reported lifetime Model used

SC 120 daysa,64

7 daysb
Humans

Intravenous 259 daysa,64 Humans

Microdialysis 3–7 days Humans

a Reported life time.
b U.S. Food and Drug Administration approved.
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nanostructured surfaces hinges on their immunogenicity. 
For example, there are a number of reports debating the 
biocompatibility and possible toxicity of nanostructured 
materials.151–153 Clearly, the need to obtain a better picture 
of the long-term effects of nanostructured materials 
is mandated in order to move forward with their 
applicability in implantable biosensor platforms.113

Enzyme Degradation
Enzymes form an important functional component of 
many CGM devices (operating in either the optical or 
electrochemical mode) in view of their ability to render 
the device specific to glucose, as shown in Figures 2 and 3. 
The long-term stability and activity of the immobilized 
enzymes is, however, a cause of concern for the long-
term operation of CGM devices. Two common enzyme 
immobilization techniques involve (i) enzyme/bovine 
serum albumin cross linked with glutaraldehyde168 and 
(ii) electrochemical growth of a conductive matrix that 
incorporates the enzyme as counter ions.169 While sensor 
degradation due to loss of enzyme activity is rare,170 
reports have indicated that inhibition of enzyme catalysis 
can be caused by transition metal ions, such as Zn2+ 
and Fe2+,171 low molecular weight serum components,129 
and hydrogen peroxide. The latter in particular could  
be more problematic, considering that hydrogen peroxide 
is also the signaling molecule in first generation electro-
chemical glucose sensors (reaction 4 in Figure 2). This 
mandates significant optimization in terms of enzyme 
loading with respect to the glucose permeability of 
outer sensor coatings.9 Other studies have shown that, 
while glucose sensors loaded with excess GOx could 
extend sensor lifetime,172 any excess free (un-cross linked) 
GOx originally entrapped within the glutaraldehyde 
cross-linked enzyme layer can slowly leach out and 
contribute to a decline in sensitivity over time.168 
These factors should be taken into consideration to extend 
long-term in vivo sensor life. Enzyme denaturation is 
another concern for long-term enzymatic decay. Reports 
have begun to emerge on nanotechnology-based venues 
to reduce natural enzyme denaturation.173–176 For example, 
the catalytic activity of an enzyme has been shown to be 
preserved when immobilized on nanostructured supports 
such as zeolites and phosphates. These are promising 
strategies that could be applied to prolong the lifetime 
of CGM devices.

Degradation of Fluorophore
In the case of CGM devices that employ fluorophore-
based optical detection of glucose (Figure 3), degradation 
of the fluorophore itself is of concern. This is because 
the magnitude of the emitted signal from the sensor 

is dependent on the fluorophore concentration, which, 
in turn, is dependent on the fluorophore stability.35,125 
However, most of the fluorophores reported to date are 
susceptible to photobleaching within a short period of 
time, which drastically decreases CGM device lifetime. 
The higher the rate of photobleaching, the shorter the 
sensor lifetime. For example, a glucose sensor employing 
an IR-Fye-78-CA with a photobleaching rate of 250 h-1 
has a nominal sensor lifetime of 3.2 s, which is 3000 
times lower than a sensor employing a quantum dot-based  
fluorophore that has a photobleaching rate of 0.082 h-1.125

Even though quantum dots that possess lower photo-
bleaching rates could be a viable option, concerns about 
their toxicity remain to be addressed, especially for 
implantable sensor configurations. The same is the case 
with fluorophores based on carbon nanotubes,40,41,125 
which have been utilized for optical detection of glucose 
and have been shown to be resistant to photobleaching.

Continuous Glucose Monitoring Device Size and 
Miniaturization 
The size of a CGM device has been argued to be a critical 
factor in device development. Among equally performing 
devices (such as cell phones, laptops, and media players), 
the smallest device in a given device class typically 
presents the greatest appeal to consumers. This general 
rule is also expected to be applied to CGM devices.  
As mentioned earlier, the size of the implant also dictates 
the extent of trauma inflicted via device implantation, 
which, in turn, affects the extent of the foreign body 
reaction. With respect to CGM device size, two kinds 
of CGM device configurations need to be addressed: 
(i) semi-implantable devices that are based on either 
microdialysis-based or transcutaneous-based implants 
and (ii) completely implantable architectures housing 
all powering, sensing, and wireless communication 
within a small footprint to minimize device-induced 
inflammation. In the case of microdialysis-based systems, 
the fluid-withdrawing tube is located inside the body  
and the sensing element is attached to the surface of 
the body with a portable powering/wireless device. 
On the other hand, transcutaneous-based systems  
have the sensory element located inside the body with 
the electrode leads connecting to the powering and 
wireless electronics located on the surface of the skin. 
A major difference between the implantable and semi-
implantable sensors is the presence of an open wound 
in the latter, which could act as a site of infection and 
thereby inadvertently negate the benefits of a minimized, 
catheter-sized sensor footprint. In addition, semi-
implantable devices have a shorter in vivo functionality 
and are less convenient and less acceptable to the patient.
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With respect to miniaturization of electrochemical-based 
implanted CGM devices, the emerging field of micro- 
and nanofabrication is expected to provide a significant 
impetus in the coming years. Similar trends can be 
expected with optically based, implantable CGM devices, 
although alignment of optical components might 
present a greater challenge. As nanotechnology concepts 
continue to advance, manufacturing in semiconductor 
and optical communication industries are also expected 
to experience significant advances that could help 
streamline miniaturization of driving electronics, power  
management, optical components, and wireless trans-
mission. At present, a major challenge for CGM device 
miniaturization is the powering of the sensor and 
wireless telecommunication circuits. The emerging field 
of miniaturized batteries along with wireless power 
transmission, biofuel cells and piezoelectric powering 
systems (to harvest energy from motion) provide 
viable opportunities to address the long-term power 
requirements of implantable CGM devices.177–179

For invasive CGM devices, the sensing component 
should be small enough to allow ready implantation 
and explantation (for example, needle assisted) without 
the need for surgery. The implantable device should 
be extremely small, which calls for unprecedented 
miniaturization of the various functional components 
such as electrodes, power sources, signal processing units, 
and sensory elements. Moreover, as mentioned earlier, 
miniaturized biosensors implanted through ultrafine 
needles (similar to the ones used in acupuncture) cause 
less tissue damage and therefore less inflammation and 
foreign body response.134 The sensing elements for most 
of the reported invasive devices are based on either 
immobilization of enzymes onto ultrathin platinum wires 
(diameters less than 25 µm) and carbon nanofibers180–184 
or packing the fluorophore within a miniaturized 
polymeric capsule.125 The emerging field of top down 
micro-/nanofabrication involving traditional semiconductor 
processes such as photolithography and micromachining 
is proving to be a facile avenue for further sensor 
miniaturization. For example, Errachid and colleagues185 
and Johnson and associates186 have reported a silicon 
micromachined needle-shaped structure for glucose 
monitoring. These needle-shaped biosensors, along with 
channels for fluid flow, are created by wet and dry 
etching processes, while the titanium/platinum working 
and silver/silver chloride reference electrodes located at 
the tip of the needle-shaped biosensors are patterned by 
photolithography. Even though these reports are focused 
on electrochemical glucose detection, they can be easily 
extended to optical glucose detection by replacing the 
electrode channels with fluorophore filled channels.

Summary and Outlook
The well-documented beneficial aspects of CGM for 
diabetes management has stimulated the substantial 
growth in the development of CGM devices. With more 
than four decades of sustained research and development 
efforts, there is considerable evolution in various CGM 
technologies. In this review, an effort has been made 
to provide a comprehensive comparison of various CGM 
technologies with an emphasis on their detection 
mechanism, invasiveness, and factors that dictate their 
widespread acceptance.

In conclusion, critical evaluation of various CGM 
technologies must not only focus on a given advantage 
afforded by a certain technology but rather holistically 
evaluate various physicochemical and physiological 
aspects that are closely linked to device performance 
and the lifestyle of the patient. For example, unlike 
invasive CGMs, noninvasive devices do not pose 
problems of implantation/extraction and foreign body 
response but have issues with sensor selectivity and 
accuracy. Although, minimally invasive devices could be 
a middle ground between the invasive and noninvasive 
approaches, the patient’s discomfort, the presence of an 
open wound, and device longevity must be considered. 
On the other hand, invasive devices could provide 
greater comfort and freedom to the patient with only 
periodic (1–3 times per year) outpatient visits for sensor 
implantation/explantation. Another alternative is the 
reported biodegradable, tattoo-like technologies.187,188 
Unfortunately, this technology is not highly selective and 
requires frequent calibration via finger pricking.

Among the sensing technologies, the electrochemical 
mode of glucose detection and the fluorophore-based 
optical detection appear most promising in view of their 
selectivity and sensitivity. Sensing technologies based 
on nonfluorophore optical detection of glucose are more 
challenging due to the greater environmental variability 
with respect to parameters such as temperature, pH, tissue 
scattering, skin pigmentation, and level of hydration. 
Irrespective of sensing technology or invasiveness, a major 
problem with all CGM devices has been the calibration-
induced inaccuracies and the complexity of correlating 
ISF glucose levels to actual blood glucose levels. 
There are a plethora of sources for such correlation 
inaccuracies that are difficult to narrow down. While 
future developments are focused on complex algorithms 
to correlate ISF to blood glucose levels, more research 
is needed to delineate the interrelationship among 
different metabolites that could one day help us attain 
a universal correlation. To this end, devices capable of 
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simultaneously monitoring more than one metabolite 
can play a crucial role in building sensor robustness 
and accuracy, and this is expected to increase confidence  
levels in glucose readings.189

With respect to invasive devices, a pressing issue is the  
foreign body response. At present, there seems to be 
no comprehensive study that relates the extent of 
the foreign body response with sensor size and in vivo 
location. The realization that utilization of simple 
immunogenic-resistant materials for invasive sensor 
fabrication has resulted in only a marginal reduction in 
the foreign body response and has spurred the research 
community to adopt complex approaches such as drug-
delivery systems, stimuli-responsive materials, and 
biomimetics. These approaches, however, have been 
solely tested as viable methodologies to suppress the 
foreign body response and are yet to be tested as drug–
device combinations. In addition, future studies should 
aim to correlate implant size and sensor coatings to 
various interrelated factors such as immunogenicity, cyto- 
toxicity, genotoxicity, tissue sensitization and irritation, 
intracutaneous reactivity, hemocompatibility, chronic 
toxicity, and biodegradation. In order to tackle all 
the aforementioned factors, advanced CGM device 
architectures together with multiple strategies from 
multidisciplinary research involving chemists, material 
scientists, engineers, pharmacists, and physicians are 
needed. Given enough time and resources, the confidence 
level is high that an ideal CGM device is within reach.
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